Strong evidence exists for global declines in pollinator populations. Data on the population genetics of solitary bees, especially diet specialists, are generally lacking. We studied the population genetics of the oligolectic bee Lasioglossum oenotherae, a specialist on the pollen of evening primrose (Onagraceae), by genotyping 455 females from 15 populations across the bee's North American range at six hyper-variable microsatellite loci. We found significant levels of genetic differentiation between populations, even at small geographic scales, as well as significant patterns of isolation by distance. However, using multilocus genotype assignment tests, we detected 11 first-generation migrants indicating that L. oenotherae's sub-populations are experiencing ongoing gene flow. Southern populations of L. oenotherae were significantly more likely to deviate from Hardy-Weinberg equilibrium and from genotypic equilibrium, suggesting regional differences in gene flow and/or drift and inbreeding. Short-term N e estimated using temporal changes in allele frequencies in several populations ranged from B223 to 960. We discuss our findings in terms of the conservation genetics of specialist pollinators, a group of considerable ecological importance.
Introduction
There is mounting evidence that pollinator assemblages, especially those of bees (Hymenoptera: Apoidea), are experiencing global declines, and this is expected to have severe consequences for both agricultural and natural systems (Biesmeijer et al., 2006) . Furthermore, dietspecialist insects in general (Labandeira et al., 2002; Kotiaho et al., 2005) , and bees in particular (Biesmeijer et al., 2006; Cane et al., 2006) , seem to suffer higher extirpation rates when compared to generalists. For example, Cane et al. (2006) found that habitat fragmentation reduced the abundance and richness of oligolectic (diet specialist) but not polylectic (diet generalist) bees, suggesting higher extirpation rates in the former. This pattern was not found in one cavity-nesting specialist bee, but this is likely due to increased nesting opportunities in the urban matrix surrounding the fragments (Cane et al., 2006) . The basis of higher extirpation rates for specialists is not well understood.
Since oligolectic bees make up a significant proportion of the world's bee fauna , a better knowledge of their conservation biology is therefore needed if we are to succeed in conserving the global bee fauna and other components of the biota that rely on their activities. However, population genetic studies of specialist pollinators have seldom been undertaken (Packer and Owen, 2001) . Such studies are needed to examine how specialization affects population genetic parameters relevant to conservation and for testing hypotheses regarding the evolution of specialization and ecological speciation (Futuyma and Moreno, 1988; Funk et al., 2002) , in addition to shedding light on the peculiar global patterns of bee biodiversity (Danforth et al., 2003) .
In addition to extrinsic reasons, specialization can theoretically increase intrinsic extinction risk; as a consequence of specialization, the regional and local geographic distribution of oligolectic bees will be limited by that of their floral host(s), while polylectic bees should be able to maintain higher levels of gene flow through areas in which the host of a specialist species is absent. Thus, all other factors being equal, populations of specialists are expected to be more isolated than those of generalists (Futuyma and Moreno, 1988; Packer et al., 2005; . In addition, specialization can drive ecological divergence between specialist populations, through pre-mating isolation, which should also restrict gene flow. This can occur, for example, if specialists show strong site fidelity, or exhibit behaviors that enforce positive assortative mating (Funk et al., 2002) . Further, if the development schedule of specialists is highly synchronized with their host-plant, as found in bees (Danforth, 1999; Minckley et al., 2000) , then geographic variation in host-plant phenology can restrict gene flow between specialist populations (Linsley, 1958; Funk et al., 2002) . These reductions in gene flow theoretically reduce effective population size (N e ) (Hedrick and Gilpin, 1997) . Therefore, specialists are expected to suffer from higher extinction rates due to the intrinsic genetic problems of small populations (Frankham et al., 2002) . Specialist bees are especially at risk given that, as is the case with other organisms with single locus complementary sex determination, they suffer from an extreme genetic load in small populations . This occurs since loss of allelic richness at the sex locus leads to higher frequencies of homozygotes which mostly develop into inviable or effectively sterile diploid males instead of females (van Wilgenburg et al., 2006) , leading to reductions in effective breeding population sizes (Zayed, 2004) , and high rates of extinction that far surpass that caused by inbreeding depression in diploid animals .
Only three studies on the population genetics of oligolectic bees have been undertaken. Using allozyme loci, Packer et al. (2005) found significantly reduced levels of genetic variation in the oligolectic member of five phylogenetically independent oligolectic -polylectic species pairs. , also using allozymes, found that populations of the specialist bee Leioproctus rufiventris were more genetically differentiated than those of the generalist Colletes seminitidus sampled from identical localities in the southern Atacama Desert. Finally, using microsatellite markers, Danforth et al. (2003) found high levels of genetic differentiation in the oligolectic bee Macrotera portalis in mixed Chihuahuan desert habitats in southeastern Arizona, USA. The above studies are consistent with the hypothesis that specialists persist in more isolated populations.
Here we report on the population genetics of an oligolectic solitary sweat bee, Lasioglossum (Sphecodogastra) oenotherae (Stevens), found in temperate eastern North America. The subgenus Sphecodogastra Ashmead (Halictidae: Lasioglossum) consists of eight species all of which specialize on pollen from evening primroses (Onagraceae) (McGinley, 2003) . Females of Sphecodogastra have a unique scopa (that is, pollen collecting hairs) that is reduced to a single linear row of simple curved hairs on the hind femora, presumably an adaptation for collecting Onagraceae pollen that is held together by viscin threads (Knerer and MacKay, 1969; McGinley, 2003) . Further, females forage for pollen either at dawn and/or dusk, or at night, which is rather unusual among bees (Knerer and MacKay, 1969; McGinley, 2003) . L. oenotherae is found solely in eastern North America, from Georgia to the New England states in the USA, and from Ontario to New Brunswick in Canada, with four disjunct locality records in Kansas, Louisiana, Texas and North Dakota (McGinley, 2003) .
The main purpose of our study is to examine the population genetics of the specialist L. oenotherae across its range in North America using recently isolated hypervariable microsatellite markers (Zayed, 2006) . Our study will also provide estimates for key parameters that are rarely known in solitary bee populations but are highly relevant to the conservation of these ecologically and economically important organisms.
Methods

Sampling
We obtained 15 L. oenotherae samples from eastern North America (Table 1 ; Figure 1 ), including a new record from the province of Quebec. One of us (AZ) spent extensive time (B1 month) searching for L. oenotherae in Georgia and South Carolina in locations where it has been previously collected (McGinley, 2003) . Although L. oenotherae's host plant was found blooming in abundance in the above-mentioned localities, we did not observe the bee foraging at dawn, dusk and during the day. Given that as a specialist bee, the emergence of L. oenotherae should coincide with that of its host's blooming period (Knerer and MacKay, 1969; McGinley, 2003) , we take the absence of this bee in Georgia and South Carolina as anecdotal evidence of potential high extirpation rates at the southernmost parts of the bee's distribution.
All of our collections were made on sundrops (mostly Oenothera fruticosa and O. pilosella) grown in gardens as (Wang and Whitlock, 2003) . We sampled females as they foraged on flowers during their peak flight activity (B0700-0830 hours). Females were killed in the field by immersion in liquid nitrogen (or in a few cases, using 95% ethanol) until transport to York University where samples were stored at À801C until further processing.
DNA extraction and polymerase chain reaction
We extracted genomic DNA from L. oenotherae thoraces using a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma, St Louis, MA, USA) following the manufacture's protocols (including the RNAse treatment). The extracted DNA was eluted in 200 ml of the supplied elution buffer. The remainder of the bee was stored as a voucher at À801C. After extractions, we genotyped the bees at the following six variable microsatellite loci (Zayed, 2006) : A31, A33, C8, D5, D53 and D71. Loci D53, D71 and A33 were amplified using fluorescently labeled forward primers with D2, D2 and D3 WellRed dyes (IDT), respectively, in a 10 ml polymerase chain reaction (PCR) containing 20-40 ng DNA, 0.3 mM labeled-forward and -reverse primers each, 0.2 mM of each dNTP (Fermentas, Hanover, MD, USA), 1 Â Tsg buffer, 2.2 mM MgSO 4 and 0.2 U Tsg DNA polymerase (Biobasic, Markham, ON, Canada). The reactions were performed in a Mastercycler gradient thermocycler (Eppendorf, Hamburg, Germany) with the following conditions: 941C for 5 min; 30 cycles at 941C for 30 s, 601C for 45 s, 721C for 45 s and a final extension at 721C for 4 min holding at 41C. The remaining loci were amplified in a nested PCR with a fluorescently labeled universal primer (Zayed, 2006) in a 10 ml reaction containing 20-40 ng DNA, 0.3 mM reverse primer, 0.075 mM forward primer with a 5 0 M13 tail, 0.3 mM M13(À21) primer labeled with either D3 (for A31) or D4 (for C8 and D5) WellRed dyes (IDT), 0.2 mM of each dNTP (Fermentas), 1 ml bovine serum albumin (250 mg/ml, Sigma), 1 Â Tsg buffer, 2.2 mM MgSO 4 and 0.2 U Tsg DNA polymerase (Biobasic). Cycling conditions are: 941C for 5 min, 30 cycles at 941C for 30 s, 601C for 45 s, 721C for 45 s; 8 cycles at 941C for 30 s, 531C for 45 s, 721C for 45 s and a final extension at 721C for 10 min holding at 41C.
Allele sizes for loci labeled with the same dye did not overlap, and thus it was possible to poolplex products from all six loci in the following ratio: 3.8 ml D53 (D2): 2 ml D71 (D2):0.92 ml A31 (D3):0.6 ml A33 (D3):0.4 ml C8 (D4):0.75 ml D5 (D4). Fragment analysis was subsequently performed on a CEQ 8000 (Beckman Coulter, Fullerton, CA, USA) in a 40 ml reaction containing 1 ml of the poolplex solution, 38.5 ml sampling loading solution and 0.5 ml 400 bp size standard (Beckman Coulter).
Data analysis
We used exact Hardy-Weinberg equilibrium (HWE) tests, as implemented in GENEPOP version 3.3 (Raymond and Rousset, 1995), to examine if loci (over all populations) or populations (over all loci) significantly deviated from HWE. We examined genotypic disequilibrium between loci (GD) (that is nonrandom association of genotypes between loci) over all populations using randomization tests as implemented in FSTAT version 2.9.3 (Goudet, 1995) . Significance of the HWE and GD tests was assessed following standard Bonferroni corrections (Rice, 1989) . Based on geographic proximately, and a genetic distance phenogram (see Methods and Results), we conducted the above tests for the entire data set, and for subsets containing populations north of Long Island (5SO9-5SO15, hereafter called northern populations), and south of and including Long Island (5SO1-5SO8, hereafter called southern populations). We used w 2 -tests (Zar, 1999) to examine differences in the occurrence of significant deviations from HWE and GD between northern and southern populations -for this analysis, we counted tests as significant before Bonferroni corrections (Po0.05).
We quantified genetic diversity using Nei's unbiased expected heterozygosity H exp (Nei, 1978) and allelic richness N A corrected for sample size (El Mousadik and Petit, 1996) , as estimated in FSTAT. We used a KruskalWallis test (Zar, 1999) to examine if genetic diversity was equal among our populations. We also used the same test to examine if mean H exp and N A significantly differed between northern and southern populations of L. oenotherae.
We used hierarchical F-statistics to examine the extent of population structure in L. oenotherae. We estimated global F-statistics (F IT , F ST and F IS ) and pairwise F ST following Cockerham and Weir (1993) , as implemented in FSTAT (Goudet, 1995) , and the significance of these estimates was determined using 1000 randomizations. Ninety-five percent confidence intervals for the Fstatistics were estimated by bootstrapping over loci (Goudet, 1995) . We estimated G ST 0 , a standardized measure of global genetic differentiation which is independent of the amount of genetic variation observed at the examined loci, to facilitate comparisons with Figure 1 Map of Lasioglossum oenotherae populations sampled for this study. Populations are indicated by black circles, and the numbers correspond to the last digit(s) of the population ID (see Table 1 ).
Population genetics of a specialist bee A Zayed and L Packer future studies (Hedrick, 2005) . G ST 0 was estimated using MSA 4.05 (Dieringer and Schlö tterer, 2003) , and its significance was estimated using 1000 permutations. We also examined the population genetic structure using a hierarchical analysis of molecular variance (AMOVA) framework (Excoffier et al., 1992) , as implemented in ARLEQUIN 3.01 (Excoffier et al., 2005) , which attempts to partition the total variance in gene frequencies into components due to the following sources of structure: among geographic regions (north versus south), among populations within the geographic regions and within populations. We also estimated Nei's genetic distance between all population pairs (Nei, 1978) using GENA-LEX (Peakall and Smouse, 2006) , and used the estimates to construct an UPGMA phenogram using the subroutine NEIGHBOR, and DRAWGRAM in PHYLIP v3.6 (Felsenstein, 1989) . We conducted isolation by distance analyses (IBD) by regressing pairwise F ST , as well as Nei's genetic distance, against geographic distance using linear regression as implemented in GENALEX. The significance of IBD relationships was examined using a Mantel test with 999 permutation using GENALEX.
Additionally, we carried out Bayesian population structure analysis using STRUCTURE v2.1 (Pritchard et al., 2000; Falush et al., 2003) and GENELAND v1.0.8 (Guillot et al., 2005) . Loosely described, both packages attempt to infer the number of populations present in the data set, where different populations have distinct allele frequencies and are assumed to be at HWE. GENELAND explicitly uses the spatial coordinates (that is, latitude and longitude) of the sampled individuals to assist in clustering the samples, while STRUCTURE can implicitly include spatial information (that is, the site where individuals were collected) to assist clustering. For both programs, we used a subset of bees (N ¼ 306) which had no missing genotypes sampled during 2005. For STRUC-TURE, we conducted our analysis using the prior population information model to assist clustering, using the default parameters, running the simulations for values of K from 2 to 15 populations, and for each value of K, we set the burnin period to 50 000 repetitions followed by 500 000 MCMC repetitions. GENELAND analyses were also conducted for values of K ranging from 2 to 15 populations using the spatial Dirichlet model with 500 000 MCMC iterations (other parameters, such as 'rate max' and 'nb.Nuclei max', were estimated based on the number of individuals in our sample as per the authors' instructions). We would like to note that the number of loci used in this study is below the number recommended (o10) by both STRUCTURE and GENE-LAND, and lack of HWE and linkage equilibrium (see Results) in many of the sampled populations are in violation of both programs' assumptions (Pritchard et al., 2000; Falush et al., 2003; Guillot et al., 2005) . Further, GENELAND assumes that individuals used for clustering were randomly sampled across the study area -an assumption which is also violated in our study (Guillot et al., 2005) . The consequences of violating these assumptions are unknown, and thus we urge the readers to take the results of the Bayesian population structure analysis with a grain of salt.
To examine the extent of current gene flow between L. oenotherae populations, we used multilocus genotype assignment tests to detect first-generation migrants as implemented in GENECLASS2 (Piry et al., 2004) . A firstgeneration migrant is defined as a bee that was not born into the population from which it was sampled. We used Rannala and Mountain's (1997) method for estimating the likelihood of multilocus genotypes of all individuals in all populations. To generate critical values to test the null hypothesis of an individual being a resident in its sampled populations, we employed Monte-Carlo resampling simulations, where 1000 simulated individuals were created by drawing multilocus gametes with replacement from each population . To reduce type I errors, we evaluated the significance of our tests given a ¼ 0.01 as recommended by Paetkau et al. (2004) .
In populations with samples from multiple generations, we attempted to estimate short-term effective population size, N e , using a maximum likelihood temporal method implemented in MNE2 (Wang and Whitlock, 2003) .
Results
Hardy-Weinberg and genotypic disequilibrium Significant deviations from Hardy-Weinberg and genotypic equilibrium were detected in our data set. Over all populations, three loci significantly deviated from HWE: A33, D53 and D71, all exhibiting an excess of homozygotes. Five populations also significantly deviated from HWE over all loci, also showing an excess of homozygotes ( Table 2) . Out of 15 possible locus pairs, 4 pairs showed significant GD (C8 and D71, D53 and A33, D53 and C8, and D53 and D71), all involving either D53 or D71. However, the above patterns were driven by southern L. oenotherae populations. A w 2 -test revealed that a larger number of southern populations significantly deviated from HWE when compared to northern populations (d.f. ¼ 1, w 2 ¼ 8.04, Po0.01). Similarly, more locus pairs were significantly linked in southern versus northern populations (d.f. ¼ 1, w 2 ¼ 9.6, Po0.01). Over all southern populations, A33, D53 and D71 continued to significantly deviate from HWE. Additionally, eight locus pairs showed significant GD (A31 and C8, A31 and D53, A31 and D71, A33 and D71, C8 and D53, D5 and D53, D5 and D71, and D53 and D71) in southern populations. However, in the northern populations, none of the loci were found to significantly deviate from HWE, and no GD was detected between any of the possible locus pairs. This evidence suggests that departures from HWE and genotypic equilibrium are not generated by null alleles or physical linkage of the studied loci, respectively, but are rather due to population genetic processes acting preferentially on the southern L. oenotherae populations. However, we still investigated the consequences of GD in our data set by conducting our population structure analyses with all loci and with D53 and D71 removed. The latter only caused slight changes in parameter estimates, but did not change the significance of our statistical tests, and thus we report results based on the analysis of all loci.
Genetic diversity and population structure Genetic diversity significantly differed among L. oenotherae populations (Kruskal-Wallis test, P ¼ 0.026 for H exp , P ¼ 0.026 for N A ). Further, mean H exp and N A were significantly lower in northern populations versus Population genetics of a specialist bee A Zayed and L Packer southern populations (Kruskal-Wallis test, P ¼ 0.0003 for H exp , P ¼ 0.0007 for N A ). The significance of our tests did not change when we excluded the population from Waterloo (5SO11) that had particularly low levels of genetic diversity (Table 2) .
L. oenotherae populations showed significant levels of genetic differentiation. A significant excess of homozygosity over HWE was found over all populations (F IT ¼ 0.15, 95% confidence interval (CI): 0.10-0.19, Po0.001), mostly due to population subdivision (F ST ¼ 0.10, 95% CI: 0.07-0.14, Po0.001) and, to a lesser extent, to nonrandom mating within local populations (F IS ¼ 0.05, 95% CI: 0.02-0.08, Po0.001). The standardized global genetic differentiation measure G ST 0 ¼ 0.52 (Po0.001) also indicated significant levels of genetic differentiation. Out of 105 estimates of pairwise F ST , 102 estimates were significant after Bonferroni corrections (all tests were significant before corrections) indicating that nearly all populations were genetically differentiated (Table 3) . We also detected regional differences in levels of population structure, with an average pairwise F ST ¼ 0.094 between northern populations, and an average pairwise F ST ¼ 0.054 between southern populations, indicating that northern populations are more genetically differentiated. Hierarchical AMOVA analysis also detected significant levels of structure among regions (North versus South), among populations within regions and among all populations (Table 4) .
The results of the Bayesian population structure analyses also indicate that L. oenotherae exhibits significant genetic differentiation across its range in North America. Using STRUCTURE, a model with K ¼ 15 populations received the highest likelihood, and each one of our samples was assigned as a unique population. Using GENELAND, we found that a model with K ¼ 7 populations best fit our data: cluster 1 included 5SO9, 12 Figure 1 ). The usually large geographic distances and significant F ST estimates between samples contained in multi-sample clusters were surprising. Nevertheless, sequential GENELAND analysis on the multi-sample clusters determined from the first run managed to uncover differences between almost all of our samples. For example, subsequent analysis on a subset of the data containing only northern samples eventually recovered all populations as being distinct, with the exception of 5SO12 and 5SO13, which do have a very small and insignificant pariwise F ST value (Table 3) . We detected a significant pattern of isolation by distance between L. oenotherae populations evident from both the significant correlation between pairwise F ST and geographic distance as well as between Nei's genetic distance and geographic distance (Figure 2 ; Mantel: Po0.01 for both tests). A phenogram based on Nei's pairwise genetic distance (Figure 3 ) confirms both the extent of population structure and IBD in L. oenotherae populations. Using multilocus assignment analyses, we found that most bees were assigned high probabilities of being residents of (that is born into) the population from which they were sampled. Out of 357 bees sampled in 2005, 11 were identified as first-generation immigrants in the following populations: 5SO1, 5SO3, 5SO4, 5SO6, 5SO7 (two immigrants), 5SO8, 5SO9, 5SO10, 5SO13 and 5SO15.
Maximum likelihood estimates of short-term effective population size were obtained for three L. oenotherae populations sampled over multiple generations: Watkins Glen (NY, SO9) -N e ¼ 335.39 (95% CI: 83.16-NA), Ithaca (NY, SO10) -N e ¼ 223.27 (95% CI: 85.93-NA) and Toronto (ON, SO12) -N e ¼ 960.99 (95% CI: 124.43-NA). The upper 95% interval for these values could not be estimated with confidence, likely due to a combination of too little genetic differentiation between generations and the number of loci examined (Wang and Whitlock, 2003) . Similarly, the N e of the Waterloo population (SO11) could not be estimated with any confidence.
Discussion
Population structure of specialists We found significant levels of population structure in L. oenotherae sampled from across its range in North America (Global F ST ¼ 0.10, G ST 0 ¼ 0.52). Significant levels of genetic differentiation were detected between almost all sampled populations even at distances of o10 km (Table 3) . Bayesian analyses also supported the extent of structure in L. oenotherae populations, although one model (GENELAND) experienced some difficulties with initially detecting structure between some of the sampled populations. This may be due to violations of GENE-LAND's assumptions (see Methods) or the low number of loci used in our data set. Nevertheless, GENELAND was able to recover almost all of our samples as distinct after sequential analysis. We also detected a significant relationship between genetic differentiation/genetic distance, and geographic distance in L. oenotherae populations (Figure 2) . A phenogram based on Nei's genetic distance also confirms a general relationship between geographic and genetic distances (Figure 3) . The two major groups on the phenogram correspond to our defined groups of northern and southern populations. Using multilocus genotype assignment analyses, we detected several first-generation migrants, indicating the L. oenotherae populations experience ongoing gene Population genetics of a specialist bee A Zayed and L Packer flow, thereby reducing the rate at which they diverge due to drift and/or local adaptation. Significant population structure is expected in specialists (reviewed by Futuyma and Moreno, 1988; Funk et al., 2002; Packer et al., 2005; , as found for L. oenotherae. Until now, only two studies of the population structure of specialist bees have been undertaken, with both studies documenting significant structure in specialist bees in xeric environments (Danforth et al., 2003; . Our study on L. oenotherae in temperate eastern North America thus suggests that significant population structure may be common to all specialist bees. A number of comparative studies have recently shown that specialist populations tend to be more genetically differentiated when compared to closely related generalists (bark beetles - Kelley et al., 2000; dove lice -Johnson et al., 2002; aphids -GaeteEastman et al., 2004) , supporting the hypothesis that specialization promotes isolation (Futuyma and Moreno, 1988; Funk et al., 2002) . Although the population genetics of L. oenotherae are consistent with the aforementioned hypothesis, it is difficult to conclude if specialization is responsible for the significant population structure without comparative data to eliminate other possibly confounding effects. The global F ST estimate in L. oenotherae populations ranked in the highest 25% (20/ 95) of insects surveyed for that parameter (data from Peterson and Denno, 1998) ; however, the meta-analysis included only seven hymenopteran species. Given that F ST estimates are dependent on the underlying levels of genetic variation at the studied loci (Hedrick, 2005) , it is also difficult to compare our results to other studies using F ST . Comparing our results for L. oenotherae to other population genetic studies of bees utilizing microsatellite markers will likely provide a less biased perspective. Unfortunately, most bee population genetic studies involve social species, confounding sociality with host plant breadth in any comparison. Further, studies on social species often involve a single population (Paxton et al., 2000) , preventing analysis of population structure. More population genetic data on solitary generalist Lasioglossum in particular, and solitary bees in general, are therefore needed to examine the consequences of diet breadth on the population genetics of specialist pollinators.
Effective population size Short-term N e was large for three L. oenotherae populations sampled from multiple generations (B220-960). This is somewhat surprising given that specialists are expected to persist in populations with smaller effective sizes , and also given other previous estimates of N e in generalist bees (Zayed and Packer, 2001; Zayed, 2004) . However, previous estimates were based on equilibrium models using allozyme data and reflect historical N e , rather than short-term N e . Further, all our samples were from gardens where Oenothera densities may be kept artificially high, allowing for large bee populations. Such garden populations may also be artificially sheltered from yearly fluctuations in size, which would otherwise decrease N e (Frankham et al., 2002) . It is interesting to note that the highest N e estimate was obtained from the largest city, which is presumably reflective of larger Oenothera populations in Toronto versus Watkins Glen and Ithaca.
HWE and GD in southern populations
Southern populations significantly deviated from HWE and genotypic equilibrium when compared to northern populations. The geographic pattern of these deviations and the number of loci involved strongly suggest that this pattern is not generated by null alleles or actual linkage between loci. Ignoring selection and mutation, GD can be generated by either inbreeding, drift in small populations or by migration between structured populations (Nei and Li, 1973; Hedrick, 2000) . Inbreeding increases homozygosity which reduces the effective recombination rate and increases genotypic disequilibrium, while drift can create nonrandom associations between alleles at different loci by chance events in small populations, which may persist for long periods when combined with inbreeding. Finally, migration can increase genotypic disequilibrium if two structured populations exchange migrants since the multilocus genotypes of immigrants and their descendents are likely to be sufficiently different from those of the original inhabitants (Nei and Li, 1973; Hedrick, 2000) . Genetic evidence exists for the latter hypothesis, since the average pairwise F ST of southern populations is nearly half of that found in northern populations, implying that southern populations exchange more migrants, and this can account for the differences in genotypic disequilibrium between the two regions.
Inbreeding and drift can also be responsible for the observed patterns of GD, which were geographically correlated with deviations from HWE in southern populations. As we noted in the methods, we could not find L. oenotherae populations previously recorded from the southernmost portions of its range, suggesting preferential extirpation of southern populations. If Population genetics of a specialist bee A Zayed and L Packer southern L. oenotherae populations are experiencing higher extirpation rates, then we would expect them to show some signatures of small population size, such as the observed homozygosity excess and GD. Strong bottlenecks are especially known to create high levels of GD between unlinked markers (Nordborg et al., 2002) . However, higher levels of genetic diversity are found in southern populations when compared to northern populations, which is inconsistent with inbreeding and drift as explanations for GD and deviations from HWE. Finally, pooling data from multiple generations (that is, if we sampled southern populations at a time where both over-wintered mothers and their daughters were flying) can theoretically cause deviations in HWE (Tonsor et al., 1993) and genotypic disequilibrium if allele frequencies vary substantially from year to year. However, this is unlikely since we did not observe any males (that is sons) flying indicating that we only sampled over-wintered mothers (AZ personal observation). Further work is needed to untangle the possible effects of the abovementioned factors on the observed deviations from HWE and GD.
Conclusions
Our study documents significant levels of genetic structure in a solitary specialist bee which is experiencing ongoing gene flow. Regional differences in deviations from HWE and GD in L. oenotherae populations were detected which warrant additional attention. Further studies on the population genetics of specialist and generalist bees are needed to examine the consequences of specialization on the population and conservation biology of specialist, a major component of the global bee fauna.
